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Objectives. This study was designed to evaluate the hemody-
namic variables of the collateral circulation during acute coronary
occlusion.
Background. There is limited information on the physiology of
the collateral circulation in coronary artery disease.
Methods. Angiography of the contralateral donor artery was
performed before and during balloon coronary occlusion in 57
patients with one-vessel disease. Recruitable collateral flow was
assessed during coronary occlusion by blood flow analysis of the
contralateral donor artery (n 5 19) or the ipsilateral recipient
artery (n 5 15), or both (n 5 23), using a Doppler catheter or
guide wire. Ischemia was evaluated by the ST segment shift
(>20.1 mV) on a 12-lead electrocardiogram at 1 min of coronary
occlusion.
Results. The presence (n 5 39), compared with the absence
(n 5 18), of recruitable collateral vessels was associated with an
increase of blood flow velocity in the donor artery (20 6 19% vs.
4.8 6 5.9% [mean 6 SD], p 5 0.003) and the recipient artery
(velocity integral 7.2 6 5.5 vs. 2.8 6 2.2 cm, p 5 0.02) related to
a reduced relative collateral vascular resistance (9.2 6 10 vs. 20 6
11, p 5 0.003). Collateral flow in the donor artery yielded a similar
predictive value for recruitability of collateral vessels as collateral
flow determined in the recipient artery or the coronary wedge/
aortic pressure ratio (areas under the receiver operating charac-
teristics curves 0.76 6 0.07, 0.78 6 0.08, 0.77 6 0.07, respectively,
p 5 NS). Collateral flow in the recipient artery was a better
predictor for ischemia than collateral flow in the donor artery or
angiographic grading of collateral vessels (areas 0.90 6 0.05,
0.64 6 0.10, 0.73 6 0.07, respectively, p < 0.05).
Conclusions. Coronary blood flow velocity analysis of the donor
and recipient coronary arteries can characterize the dynamics of
the collateral circulation during acute coronary occlusion. The
protective effect of recruitable collateral vessels relates to an
increase of flow in the donor and recipient coronary arteries due
to a reduced collateral vascular resistance. This study under-
scores the importance of physiologic variables for the evaluation
of the function of recruitable collateral vessels.
(J Am Coll Cardiol 1997;29:1528–35)
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The protective effect of a developed collateral vascular net-
work in acute coronary syndromes has been well established in
clinical studies (1). Our current knowledge regarding the
dynamic behavior of the human collateral circulation is based
exclusively on angiographic studies. Few studies have been
performed that describe the development of the collateral
circulation in terms of flow and resistance (2–4). Recent
studies (5,6) have demonstrated that alterations of coronary
blood flow velocity in the contralateral donor artery during
angioplasty can be used as a novel method to assess collateral
flow. In these studies, coronary blood flow velocity analysis was
performed using a 3F Doppler catheter. The recent introduc-
tion of a guide wire equipped with a Doppler crystal at its tip
permitted assessment of collateral flow in the ipsilateral recip-
ient artery distal to the balloon (7). This unique approach for
assessment of collateral flow is easy to perform in the setting of
coronary angioplasty and allows detection of collateral flow
from other sources than the contralateral coronary artery.
These intracoronary diagnostic techniques may yield important
clinical information because they allow insight into the protec-
tive effect of the coronary collateral circulation. The direct
interaction between the responsiveness of the donor and
recipient vascular beds that is subject to ischemia during
balloon coronary occlusion has not been studied. The purpose
of the present study was to evaluate the dynamic responses of
the collateral circulation in both the donor and recipient
vascular beds during acute transient coronary occlusion. Fur-
thermore, the present study sought to determine the predictive
values of physiologic variables of collateral vascular growth
(i.e., coronary blood flow velocity analysis of the donor or
recipient coronary artery and mean coronary wedge pressure)
in relation to the angiographic presence of recruitable collat-
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eral vessels and the development of electrocardiographic signs
of ischemia during brief coronary occlusion.
Methods
Fifty-seven patients (mean age 56 6 9.9 years, range 35 to
78) with one-vessel disease, referred for PTCA, were studied
prospectively. Inclusion criteria were 1) angina pectoris refrac-
tory to medical therapy; and 2) coronary narrowing suitable for
balloon angioplasty. Exclusion criteria were 1) presence of
spontaneously visible collateral vessels; 2) multilesion one-
vessel disease or total coronary occlusion; 3) previous cardiac
surgery; 4) ECG evidence of left ventricular hypertrophy or
conduction abnormalities; and 5) peripheral artery disease
limiting arterial access. Of the 57 patients, 17 had experienced
a previous myocardial infarction, 3 of whom had experienced a
Q wave infarction and 14 a non–Q wave infarction. Written
informed consent was obtained according to the rules of the
Institutional Ethics Committee, which approved the study.
Cardiac catheterization. All antianginal medications were
continued until cardiac catheterization. All patients received
aspirin (100 mg) orally the night before PTCA. Lorazepam
(1 mg) was administered orally before the procedure. At the
beginning of the catheterization, all patients received heparin
(5,000 IU) intravenously as a bolus. Additional heparin was
administered if the procedure lasted .90 min. Nitroglycerin
(0.1 mg intracoronary) was given only in the event of coronary
spasm. Cardiac catheterization was performed using the per-
cutaneous femoral approach. A 7F or 8F sheath was inserted
into both the right and left femoral arteries. One guiding
catheter was used to guide the balloon catheter, and one
guiding catheter was used for angiography of the contralateral
artery and insertion of a Doppler catheter or Doppler guide
wire.
Study protocol. Quantitative coronary angiography. An-
giography of the donor artery was performed before angio-
plasty by automatic contrast injection (Angiomat 3000, Liebel-
Flarsheim Co.) (right coronary artery: 4 to 6 ml, 7 ml/s; left
coronary artery: 6 to 8 ml, 9 ml/s). Cineangiography was
continued until there was no further opacification of the
injected vascular bed. A repeat arteriogram of the donor artery
was obtained at 30 s during the first balloon inflation. The
severity of the coronary narrowings was determined by an
automated contour detection algorithm (ARTREK, ADAC
Laboratories) in two orthogonal projections, using the guiding
catheter as a reference, to obtain the percent diameter stenosis
and the minimal lumen diameter.
Collateral vessels were graded according to Rentrop’s clas-
sification: 0 5 no filling of collateral vessels; 1 5 filling of
collateral vessels without any epicardial filling of the artery to
be dilated; 2 5 partial epicardial filling by collateral vessels of
the artery to be dilated; and 3 5 complete epicardial filling by
collateral vessels of the artery to be dilated. The grading of the
collateral vessels was performed independently by two angiog-
raphers (K.T.K., G.K.D.), and a consensus was reached in case
of disagreement. Collateral vessels were considered recruitable
when they were absent before coronary occlusion (grade 0 or
1) and present during coronary occlusion (grade 2 or 3).
Coronary hemodynamic variables. Aortic pressure was mea-
sured at the tip of the guiding catheter. The coronary occlusion
wedge pressure was measured at the tip of the balloon catheter
through the fluid-filled lumen during balloon inflation. Heart
rate was obtained from the ECG and monitored throughout
the procedure.
Myocardial ischemia. Myocardial ischemia was evaluated
by the maximal ST segment shift during coronary occlusion on
the 12-lead ECG. ECG changes were considered significant if
a change in the ST segment $0.1 mV, measured at 80 ms after
the J point, occurred in any lead.
Collateral flow velocity. A 0.014-in. Doppler guide wire,
equipped with a Doppler crystal at its tip (Flowire, Cardiomet-
rics) was inserted into the ipsilateral artery to assess collateral
flow velocity during balloon coronary occlusion distal to the
balloon. Coronary blood flow velocity in the recipient artery
was assessed during the first and subsequent balloon inflations
of ;1-min duration. Collateral flow was considered present in
the case of a partial or complete diastolic blood flow velocity
signal .5 cm/s. A 3F Doppler catheter with a end-mounted
crystal (model DC201, Millar Instruments) or a 0.014-in.
Doppler guide wire was inserted in the donor coronary artery
after the first balloon inflation to obtain optimal and stable
Doppler signals, avoiding side branches. Coronary blood flow
velocity using the Doppler catheter or guide wire in the donor
artery was assessed before, during and after the second and
subsequent balloon inflations of ;1-min duration. Doppler
signals of the Doppler catheter were generated by a 20-MHz
pulsed Doppler flow velocity meter (Crystal Biotech Inc.). The
pulse stream output of the zero-crossing counter was low pass
filtered with a cutoff frequency of either 60 or 0.25 Hz, offering
“phasic” and “mean” output signals, respectively. The spectral
analysis unit of a Diasonics DRF-400 flow velocimeter was
used to obtain an analysis of the frequency spectrum by fast
Fourier transformation (FFT). The Doppler signals of the
Doppler guide wire were generated by a 12-MHz pulsed
Doppler velocimeter and were processed by a real-time spec-
tral analyzer using FFT (Flowmap, Cardiometrics). A switch-
box was used in those patients who were studied with a
Doppler guide wire in both the donor and recipient coronary
arteries to acquire the signal subsequently from both coronary
arteries. Coronary flow velocity alterations in the donor artery
before, during and after coronary occlusion were assessed
using the maximal diastolic peak velocity determined by FFT.
Collateral flow was determined by the transient increase of
coronary blood flow velocity of the donor coronary artery
Abbreviations and Acronyms
ECG 5 electrocardiogram, electrocardiographic
FFT 5 fast Fourier transformation
PTCA 5 percutaneous transluminal coronary angioplasty
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induced by balloon coronary occlusion of the recipient artery.
The resistance of the collateral vascular bed was expressed as
a relative value of the resistance of the donor vascular bed,
according to a previously described method (5):
Rdonor
Rcoll
5
Pao 2 Pw
Pao
*
dMPVdef
dMPVinf 2 dMPVdef
,
where Rcoll 5 collateral vascular resistance; Rdonor 5 pe-
ripheral vascular resistance of the donor coronary artery;
Pao 5 mean aortic pressure; Pw 5 mean coronary wedge
pressure; dMPVdef 5 maximal diastolic blood flow velocity of
the donor coronary artery during balloon deflation; dMPVinf 5
maximal diastolic blood flow velocity of the donor coronary
artery during balloon inflation.
Collateral flow in the recipient coronary artery was deter-
mined by the total and diastolic flow velocity integral and the
diastolic maximal peak flow velocity. These collateral flow
velocity variables were assessed off-line by manual tracing of
the peak flow velocity pattern from a digitized video frame,
averaged over 3 consecutive beats, using an Internet-available
software program (NIH Images 1.58). Using the flow velocity
signal in the recipient artery, the collateral vascular resistance
can be calculated by means of the pressure gradient of the
collateral vascular bed (Pao 2 Pw) using the following for-
mula: Rcoll 5 Pao 2 Pw/dMPV (mm Hg/cm per s).
Statistics. Continuous variables are expressed as mean
value 6 SD. The receiver operating characteristic curves were
expressed as area under the curve 6 SE. Continuous variables
were compared using the unpaired Student t test. The predic-
tive value of the blood flow velocity variable in the donor
coronary artery, the blood flow velocity variables in the recip-
ient coronary artery and the coronary wedge/aortic pressure
ratio in relation to the angiographic presence of recruitable
collateral vessels or ECG signs of ischemia were evaluated
using their respective areas under the receiver operating
characteristic curves. Each curve provided a best cutoff value
for the variable of interest obtained by calculating the highest
sum of specificity and sensitivity. A p value ,0.05 was consid-
ered statistically significant.
Results
The clinical and angiographic characteristics of the 57
patients are shown in Table 1. Before the first inflation,
collateral vessels were graded 0 in 40 patients and graded 1 in
17 patients. During balloon occlusion, collateral vessels re-
mained absent (grade 0 to 1) in 18 patients and were immedi-
ately recruitable (grade 2 to 3) in 39 patients. Collateral vessels
were fully absent (grade 0) after successful completion of the
procedure in all 57 patients. Blood flow velocity measurements
were performed in the donor coronary artery in 42 patients and
in the recipient coronary artery in 38 patients, including 23
patients in whom combined flow velocity measurements were
performed in both the donor and recipient coronary arteries
(Fig. 1). Coronary wedge pressure and aortic pressure mea-
surements were obtained in all patients. There was no signifi-
cant difference in mean aortic pressure or heart rate before
and during 1 min of balloon coronary occlusion.
Collateral flow velocity. A transient increase ($10%) of
blood flow velocity in the donor artery was noted in 17 (65%)
of the 26 patients with recruitable vessels in whom flow velocity
measurements were taken in the donor coronary artery,
whereas this did not occur in patients without recruitable
collateral vessels. A partial (n 5 10) or complete (n 5 13)
diastolic flow velocity signal .5 cm/s in the recipient artery was
noted in 23 (82%) of the 28 patients with recruitable collateral
vessels in whom flow velocity measurements were performed in
the recipient coronary artery. A partial diastolic flow velocity
signal was detected in 6 (60%) of the 10 patients without
recruitable collateral vessels. A complete diastolic flow velocity
signal was not noted in these patients. The flow velocity
integral or maximal peak flow velocity of the partial diastolic
signal in patients with recruitable collateral vessels was not
different from patients without recruitable collateral vessels
(3.1 6 2.6 vs. 1.5 6 1.0, p 5 0.17 and 16.8 6 11.3 vs. 9.3 6 9.9,
p 5 0.14 respectively). However, the maximal systolic peak
flow velocity and systolic flow velocity integral in these patients
were larger in patients with recruitable collateral vessels
(24.0 6 15.9 vs. 8.9 6 6.0 cm/s, p 5 0.04 and 5.0 6 3.3 vs. 1.3 6
Table 1. Clinical and Angiographic Data for 57 Patients Before
Coronary Angioplasty
Age (yr) 56 6 9.9
Range 35–78
Male 43 (75%)
NYHA functional class
III 25 (52%)
IV 17 (35%)
Systemic hypertension 9 (18%)
Cigarette smoking 22 (49%)
Total cholesterol .6.5 mmol/liter 16 (33%)
Diabetes mellitus 2 (4%)
Medication
Beta-blocker 42 (89%)
Nitrates 30 (64%)
Calcium antagonist 40 (83%)
Duration of angina (mo) 5.9 6 8
Range 0.5–48
Coronary artery dilated
LAD 44 (77%)
RCA 11 (19%)
LCx 2 (4%)
Previous infarction
None 40 (70%)
Non-Q wave 14 (25%)
Q wave 3 (5%)
QCA
Diameter (%) 77 6 10
Range 56–95
MLD (mm) 0.6 6 0.3
Range 0.1–1.5
Data presented are mean value 6 SD or number (%) of patients. LAD 5 left
anterior descending coronary artery; LCx 5 left circumflex coronary artery;
MLD 5 minimal lumen diameter; NYHA 5 New York Heart Association;
QCA 5 quantitative coronary angiography; RCA 5 right coronary artery.
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1.1 cm, p 5 0.03 respectively). The flow velocity signal in
patients with recruitable collateral vessels was unidirectional
(anterograde or retrograde) in 16 patients and bidirectional in
12. All flow velocity variables measured in the donor or
recipient coronary artery, as well as hemodynamic variables,
demonstrated a significant difference between angiographic
absence or presence of recruitable collateral vessels (Table 2).
Furthermore, these variables showed a significant difference
between absence and presence of ischemia during coronary
balloon occlusion, with the exception of the percent increase of
maximal diastolic peak flow velocity of the donor coronary
artery and the relative collateral vascular resistance (Table 2).
Patients with a complete diastolic flow velocity signal in the
recipient coronary artery had less ischemia than patients with
an incomplete diastolic flow velocity signal (ST segment shift:
1.1 6 1.4 vs. 3.0 6 3.0 mV, p 5 0.04). There was no significant
difference in signs of ischemia in patients with a unidirectional
versus a bidirectional blood flow velocity signal (ST segment
shift: 1.6 6 1.6 vs. 2.7 6 3.6 mV, p 5 0.30).
Predictive values of flow velocity and hemodynamic vari-
ables for presence of recruitable collateral vessels and devel-
opment of ischemia. The values of the areas under the re-
ceiver operating curves of the flow velocity and hemodynamic
variables in relation to angiographic absence or presence of
recruitable collateral vessels are shown in Table 3. There were
no significant differences between the areas under the curves of
the different variables.
The values of areas under the receiver operating curves of
Figure 1. A, Contrast injection of the donor right
coronary artery (right oblique view) before balloon
occlusion of the recipient left anterior descending
coronary artery, displaying opacification of septal
branches without filling of the epicardial segment of
the left anterior descending coronary artery (grade 1
according to Rentrop’s classification). B, Contrast in-
jection of the right coronary artery (right oblique view)
during balloon occlusion of the left anterior descend-
ing coronary artery, displaying complete opacification
of the epicardial segment of the left anterior descend-
ing coronary artery by collateral vessels (grade 3
according to Rentrop’s classification). C, Blood flow
velocity analysis of the donor right coronary artery
(RCA) before, during and after balloon coronary
occlusion (BCO) of the recipient left anterior descend-
ing coronary artery (LAD), showing a 40% increase in
maximal diastolic peak flow velocity during coronary
occlusion. These alterations in blood flow velocity of
the donor coronary artery coincide with collateral flow
in the recipient coronary artery. The blood flow veloc-
ity signal in the recipient coronary artery was biphasic,
showing a retrograde systolic blood flow velocity signal
(below zero line) and an anterograde complete dia-
stolic blood flow velocity signal (above zero line).
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the hemodynamic variables in relation to the absence or
presence of ischemia are shown in Table 4. The areas under
the curves of the total flow velocity integral in the recipient
artery and the coronary wedge/aortic pressure ratio were
different from the areas under the curves of the percent
increase of the maximal diastolic peak flow velocity in the
donor coronary artery (p 5 0.01 and p 5 0.03 respectively) and
the relative collateral vascular resistance (p 5 0.01 and p 5
0.03 respectively). The area under the curve of the grading of
collateral vessels was different from that of the total flow
velocity integral of the recipient artery (p 5 0.02) but was not
statistically significantly different from the area under the curve
of the coronary wedge/aortic pressure ratio (p 5 0.08). There
was no significant difference between the areas under the
curves of the total flow velocity integral of the recipient artery
and the coronary wedge/aortic pressure ratio.
Discussion
The results of the present study indicate that the presence
of recruitable vessels during acute balloon coronary occlusion
reduces signs of ischemia, often through transiently increased
flow in the donor coronary artery, resulting in increased
collateral flow in the recipient coronary artery due to a reduced
collateral vascular resistance. The present study expands pre-
vious preliminary findings by combining measurements in both
the donor and recipient coronary arteries. Blood flow velocity
measurements in the donor and recipient coronary arteries
allow exploration of the dynamics of the collateral circulation
during acute coronary occlusion. Analysis of blood flow veloc-
ity in the donor artery yields a predictive value for recruitability
of collateral vessels similar to blood flow velocity measure-
ments in the recipient coronary artery, although this latter
analysis has a better predictive value for the development of
ECG signs of ischemia. Furthermore, collateral flow in the
recipient artery and the coronary wedge/aortic pressure ratio
were better predictors of ischemia than collateral flow assessed
in the donor artery or angiographic grading of collateral
vessels. The present study underlines the importance of phys-
iologic variables for evaluation of the function of recruitable
collateral vessels.
Coronary blood flow velocity analysis of donor and recipi-
ent coronary arteries during transient coronary occlusion.
The first approach concerns the assessment of intracoronary
blood flow velocity alterations in the contralateral coronary
artery providing the source of collateral flow. This method has
Table 2. Hemodynamic Variables in Relation to Angiographic Recruitability of Collateral Vessels and Electrocardiographic Signs of Ischemia
Characteristic
Recruitable CVs Ischemia
Absent Present p Value Absent Present p Value
%dMPV donor (n 5 42) 4.8 6 5.9 (n 5 16) 20 6 19 (n 5 26) 0.003 20 6 22 (n 5 8) 13 6 15 (n 5 34) 0.2
Vi recip (n 5 38) 2.8 6 2.2 (n 5 10) 7.2 6 5.5 (n 5 28) 0.02 11 6 5.7 (n 5 13) 3.7 6 2.8 (n 5 25) 0.0001
dVi recip (n 5 38) 0.9 6 1.1 (n 5 10) 3.2 6 2.8 (n 5 28) 0.02 4.5 6 2.9 (n 5 13) 1.6 6 2.0 (n 5 25) 0.001
dMPV recip (n 5 38) 5.6 6 5.4 (n 5 10) 14 6 10 (n 5 28) 0.03 18 6 10 (n 5 13) 8.1 6 8.0 (n 5 25) 0.002
Pw/Pao (n 5 55) 0.24 6 0.1 (n 5 18) 0.33 6 0.1 (n 5 37) 0.003 0.40 6 0.1 (n 5 13) 0.27 6 0.1 (n 5 42) 0.0001
Rcoll/Rdonor (n 5 42) 20 6 11 (n 5 16) 9.2 6 10 (n 5 26) 0.003 10 6 12 (n 5 8) 14 6 12 (n 5 34) 0.4
Rcoll (n 5 36) 17.7 6 8.9 (n 5 10) 8.8 6 7.6 (n 5 26) 0.005 5.5 6 5.0 (n 5 11) 13.8 6 9.0 (n 5 25) 0.002
Data presented are mean value 6 SD or number of vessels. CVs 5 collateral vessels; dMPV recip 5 maximal diastolic peak blood flow velocity of recipient coronary
artery during balloon inflation; dVi recip 5 diastolic blood flow velocity integral of recipient coronary artery during balloon inflation; Pw/Pao 5 mean coronary wedge
pressure/mean aortic pressure ratio; Rcoll 5 collateral vascular resistance using blood flow velocity signal in recipient coronary artery; Rcoll/Rdonor 5 collateral
vascular resistance expressed as relative value of peripheral vascular resistance of donor coronary artery; Vi recip 5 total blood flow velocity integral of recipient
coronary artery during balloon inflation; %dMPV donor 5 percent increase of maximal diastolic peak blood flow velocity of donor coronary artery during balloon
inflation.
Table 3. Receiver Operating Characteristic Curves of Hemodynamic
and Electrocardiographic Variables in Relation to Recruitability of
Collateral Vessels
No. of
Pts AUC 6 SE BCV
Sensitivity
(%)
Specificity
(%)
%dMPV donor 42 0.76 6 0.07 10% 65 81
Vi recip 38 0.78 6 0.08 4 cm 71 70
dVi recip 38 0.78 6 0.07 1.5 cm 64 80
dMPV recip 38 0.74 6 0.08 10 cm/s 64 70
Pw/Pao 55 0.77 6 0.07 0.30 65 78
ST shift 57 0.83 6 0.05 0.2 mV 69 78
Rcoll/Rdonor 42 0.77 6 0.08 13 81 69
AUC 5 area under the curve; BCV 5 best cutoff value; Pts 5 patients; ST
shift 5 ST segment shift at 1-min balloon coronary occlusion; other abbreviations
as in Table 2.
Table 4. Receiver Operating Characteristic Curves of Hemodynamic
Variables and Grading of Collateral Vessels in Relation to
Electrocardiographic Signs of Ischemia
No. of
Pts AUC 6 SE BCV
Sensitivity
(%)
Specificity
(%)
%dMPV donor 42 0.64 6 0.10 10% 75 59
Vi recip 38 0.90 6 0.05 6 cm 85 80
dVi recip 38 0.82 6 0.07 2.5 cm 85 64
dMPV recip 38 0.79 6 0.07 10 cm/s 77 76
Pw/Pao 55 0.85 6 0.05 0.35 85 81
Rcoll/Rdonor 42 0.61 6 0.12 7 75 53
CV grading 42 0.73 6 0.07 2 100 43
CV grading 5 grading of collateral vessels during balloon coronary occlusion
according to Rentrop’s classification; other abbreviations as in Tables 2 and 3.
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been validated in experimental work showing that the devel-
opment of the collateral circulation relates to the transient
blood flow velocity alterations in the donor coronary artery
(8,9). At present, two clinical studies have been reported in
which this technique was used. Their findings coincide with
these experimental observations and have demonstrated a
transient 10% to 70% increase in coronary blood flow velocity
in the donor artery during balloon occlusion when recruitable
collateral vessels are present (5,6). This phenomenon is mark-
edly reduced in the absence of recruitable collateral vessels.
These alterations in blood flow velocity in the donor artery may
also be induced by changes in arterial pressure, heart rate or
preload (10,11). In the present study, arterial pressure and
heart rate remained unchanged during balloon coronary oc-
clusion. Moreover, other clinical studies (12,13) have demon-
strated that changes in preload are reduced in the presence of
collateral vessels, a factor unlikely to be responsible for the
observed transient increase in blood flow velocity of the donor
artery at the measurement site. Furthermore, the transient
increase in blood flow velocity of the donor coronary artery
may be induced by compensatory hyperkinesia of the nonisch-
emic myocardium. However, both experimental and clinical
studies (8,9,14,15) indicate that this potential mechanism for
blood flow velocity increase in the donor coronary artery is not
operative during brief balloon coronary occlusion. Conse-
quently, these considerations support the contention that the
observed flow velocity changes in the donor coronary artery are
related to collateral flow.
The present study expands these preliminary findings by
combined measurements of collateral flow in the donor or
recipient coronary artery. Blood flow velocity analysis of the
donor coronary artery, compared with analysis of the recipient
coronary artery, yields a similar predictive value for recruitabil-
ity of collateral vessels, whereas blood flow velocity measure-
ments in the recipient coronary artery better predicted the
development of ischemia. In this respect, the coronary wedge/
aortic pressure ratio yielded a predictive value similar to blood
flow velocity analysis of the recipient artery regarding the
function of recruitable collateral vessels during abrupt coro-
nary occlusion. A possible explanation for these observations is
that the blood flow velocity measurements in the donor artery
reflects the contribution of collateral flow originating from this
artery, whereas the blood flow velocity analysis of the recipient
artery and mean coronary wedge pressure relates to collateral
flow originating from both nondiseased coronary arteries.
The ipsilateral blood flow velocity signal consisted of a
systolic and a partial or complete diastolic signal. A complete
diastolic signal was noted in 13 of the 28 patients with
recruitable collateral vessels, whereas this signal was absent in
patients without recruitable collateral vessels. A partial dia-
stolic signal was present in 10 of the 28 patients with re-
cruitable collateral vessels compared with 6 of the 10 patients
without collateral vessels. However, the systolic velocity signal
(velocity integral, maximal peak velocity) in these patients
allowed differentiation between the absence or presence of
recruitable collateral vessels. The ECG signs of ischemia were
markedly reduced in patients with a complete diastolic flow
velocity signal compared with those in patients with an incom-
plete diastolic flow velocity signal. A recent study from
Yamada et al. (16) reported similar collateral flow patterns in
the recipient artery during balloon coronary occlusion. Their
study protocol did not include assessment of recruitability of
collateral vessels and merely reflects observations of collateral
flow patterns in patients with subtotal or total coronary
obstructions and spontaneously visible collateral vessels. ECG
signs of ischemia were reduced in patients with a longer
duration of collateral flow per cardiac cycle length, which is in
keeping with the results of our study. The observation that
patients with unidirectional collateral flow had less ischemia
than bidirectional collateral flow could not be confirmed in our
study and may be related to the aforementioned differences
between the patients included in both studies.
Collateral vascular resistance assessed during balloon
coronary occlusion. Our current knowledge regarding the
development of collateral vessels in obstructive coronary artery
disease is based solely on angiographic studies (1). Only a
limited number of previous studies have attempted to describe
the development of the collateral circulation in terms of flow
and resistance (2–4). In the setting of coronary angioplasty,
collateral flow has been assessed by the magnitude of great
cardiac vein flow during balloon occlusion of the left anterior
descending coronary artery (3,4). However, the accuracy of this
method has been challenged by experimental studies (17).
Several clinical studies (18–21) have demonstrated that the
presence of spontaneously visible or recruitable collateral
vessels coincides with a higher coronary wedge/aortic pressure
ratio and reduced signs of myocardial ischemia, presumably as
a result of a reduced collateral vascular resistance; but these
studies did not include an assessment of collateral flow.
The assessment of collateral flow in the donor or recipient
coronary artery provides a direct way to calculate the relative
collateral vascular resistance. Again, as mentioned before,
several assumptions were made for this estimation of the
relative collateral vascular resistance. The calculation of the
relative collateral vascular resistance, with the use of flow
velocity alterations in the donor coronary artery, offers the
advantage that the development of the collateral vascular bed
may be expressed in relation to the resistance of the normal
donor vascular bed, providing insight into interpatient variabil-
ity in collateral vascular resistance. However, this technique
requires one arterial access for the guiding catheter and
another for the evaluation of collateral flow originating from
the contralateral donor artery. The present study demonstrates
that the angiographic presence of recruitable collateral vessels
results in a twofold reduction in the relative collateral vascular
resistance. The large interpatient variability in the collateral
vascular resistance remains unclear and may be related to
variations in stimulating factors for collateral vascular growth,
such as the duration of angina, coronary lesion severity, lesion
location or other unknown contributing factors (22,23).
The application of collateral flow assessment in the recipi-
ent coronary artery by means of the Doppler guide wire is
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limited to the study of intrapatient variability of collateral
vascular resistance (e.g., alteration of the collateral vascular
resistance after subsequent balloon inflations) or the evalua-
tion of alterations in this resistance after the administration of
pharmacologic agents. A preliminary report (24) has demon-
strated modulation of collateral flow in chronic coronary
occlusion with adenosine or nitroglycerin using this technique.
This method requires only one arterial access. Furthermore,
the results of the present study indicate that with this tech-
nique, recruitability of collateral vessels can be identified in the
majority of patients, and it is a good marker of the function of
collateral vessels during abrupt coronary occlusion. Conse-
quently, this technique seems to be a promising tool for the
evaluation of the function of the collateral circulation in the
setting of coronary angioplasty.
In summary, the present study demonstrates that the assess-
ment of blood flow velocity in the donor and recipient coronary
arteries during acute coronary occlusion provides insight into
the responsiveness of the collateral circulation in relation to
the angiographic presence of collateral vessels and the devel-
opment of ischemia. Furthermore, the angioplasty model
facilitates expression of the development of the collateral
circulation in terms of flow and resistance, enabling study of its
pharmacologic responsiveness.
Study limitations. The accuracy of blood flow velocity
analysis in the donor and recipient coronary arteries for the
assessment of collateral flow has not been validated against a
reference standard for myocardial perfusion in humans.
Positron emission tomography has been applied to assess
myocardial perfusion in collateral-dependent vascular areas in
chronic coronary occlusion (25,26). However, positron emis-
sion tomography is inappropriate for the assessment of re-
cruitable collateral flow during balloon coronary occlusion,
and this technique does not yield an estimate of collateral
vascular resistance that requires determination of both collat-
eral flow and coronary wedge pressure.
This study was performed in a selected group of patients
with one-vessel disease. The medical therapy of the patients
studied was not uniform, and this may have contributed to the
variations observed among the patients. The angiographic
grading of collateral vessels is sensitive to variations in the
technique applied and is subject to intraobserver and interob-
server variability. Moreover, intracoronary blood flow velocity
assessment is a sensitive technique for the detection of alter-
ations in blood flow, but this method for the assessment of
collateral flow is prone to technical failures, such as the
position of the guide wire tip relative to the input of collateral
flow, the induction of artifacts by contact of the vessel wall and
excessive guide wire motion within the target vessel.
Consequently, it is possible that the observed interpatient
variability of the hemodynamic variables of the coronary
collateral circulation is partly related to the limitations of the
applied technique.
Furthermore, the potential decrease of the caliber of the
artery distal to the balloon during balloon occlusion may result
in an overestimation of collateral blood flow in patients with
low blood flow velocity signals and a low mean coronary wedge
pressure. Therefore, it is possible that observed differences in
collateral blood flow velocity between patients with and with-
out recruitable collateral vessels are an underestimation of the
true differences in collateral volume flow due to this phenom-
enon.
The functional significance of collateral vessels during
coronary occlusion was judged by ECG monitoring, and the
method was not expanded to include hemodynamic monitoring
or assessment of global or regional ejection fractions. The
development of ECG signs of ischemia during coronary occlu-
sion may be influenced by the relation between the size of the
myocardium “at risk” and extent of the collateral-dependent
vascular bed that were not assessed in the present study.
Finally, the study provides information on the function of
collateral vessels only during brief coronary occlusion.
Clinical implications. Angiographic studies have demon-
strated the protective effect of collateral vessels in ischemic
coronary syndromes. The present study expands on these
angiographic findings by evaluating the collateral vascular
growth according to physiologic variables. The coronary blood
flow velocity analysis of the donor or recipient coronary artery
in combination with coronary wedge pressure measurements in
the setting of coronary angioplasty allows the determination of
flow and resistance of the collateral vascular bed. The methods
described provide an important potential tool for gaining
insight into the coronary hemodynamic variables in humans.
Furthermore, these techniques facilitate the study of the
pharmacologic responsiveness of the collateral circulation in
obstructive coronary artery disease.
We gratefully acknowledge Morton J. Kern, MD, Saint Louis University
Hospital, Saint Louis, Missouri, for critical review of the manuscript. We thank
the technical and nursing staff of our cardiac catheterization laboratory (Peter J.
Belgraver, Chief RN), for skilled assistance.
References
1. Cohen MV. Coronary Collaterals: Clinical and Experimental Observations.
Armonk (NY): Futura, 1985:93–114.
2. Goldstein RE, Stinson EB, Scherer JL, Seningen RP, Grehl TD, Epstein SE.
Intraoperative coronary collateral function in patients with coronary occlu-
sive disease. Circulation 1974;49:298–308.
3. Feldman RL, Pepine CJ. Evaluation of coronary collateral circulation in
conscious humans. Am J Cardiol 1984;53:1233–8.
4. Feldman RL, Joyal M, Conti CR, Pepine CJ. Effect of nitroglycerin on
coronary collateral flow and pressure during acute coronary occlusion. Am J
Cardiol 1984;54:958–63.
5. Piek JJ, Koolen JJ, Metting van Rijn AC, et al. Spectral analysis of flow
velocity in the contralateral artery during coronary angioplasty: a new
method for assessing collateral flow. J Am Coll Cardiol 1993;21:1574–82.
6. Kyriakidis MK, Petropoulakis PN, Tentolouris CA, et al. Relation between
changes in blood flow of the contralateral coronary artery and the angio-
graphic extent and function of recruitable collateral vessels arising from this
artery during balloon coronary occlusion. J Am Coll Cardiol 1994;23:869–78.
7. Ofili E, Kern MJ, Tatineni S, Deligonul U, Aguirre F, Serota HL. Detection
of coronary collateral flow by a Doppler-tipped guide wire during coronary
angioplasty. Am Heart J 1991;122:221–5.
8. Fujita M, McKown DP, McKown MD, Franklin D. Electrocardiographic
evaluation of collateral development in conscious dogs. J Electrocardiol
1988;21:55–64.
1534 PIEK ET AL. JACC Vol. 29, No. 7
COLLATERAL FLOW DURING ACUTE CORONARY OCCLUSION June 1997:1528–35
9. Fujita M, McKown DP, McKown MD, Hartley JW, Franklin D. Evaluation
of coronary collateral development by regional myocardial function and
reactive hyperemia. Cardiovasc Res 1987;21:377–84.
10. Wilson RF, Laughlin DE, Ackell PH, et al. Transluminal, subselective
measurement of coronary artery blood flow velocity and vasodilator reserve
in man. Circulation 1985;72:82–92.
11. McGinn AL, White CW, Wilson RF. Interstudy variability of coronary flow
reserve: influence of heart rate, arterial pressure, and ventricular preload.
Circulation 1990;81:1319–30.
12. Rentrop KP, Thornton JC, Feit F, Van Buskirk M. Determinants and
protective potential of coronary arterial collaterals as assessed by an
angioplasty model. Am J Cardiol 1988;61:677–84.
13. Mizuno K, Horiuchi K, Matui H, et al. Role of coronary collateral vessels
during transient coronary occlusion during angioplasty assessed by hemody-
namic, electrocardiographic and metabolic changes. J Am Coll Cardiol
1988;12:624–8.
14. Serruys PW, Wijns W, van den Brand M, et al. Left ventricular performance,
regional blood flow, wall motion, and lactate metabolism during transluminal
angioplasty. Circulation 1984;70:25–36.
15. Verani MS, Lacy JL, Guidry GW, et al. Quantification of left ventricular
performance during transient coronary occlusion at various anatomic sites in
humans: a study using tantalum-178 and a multiwire gamma camera. J Am
Coll Cardiol 1992;19:297–306.
16. Yamada T, Okamoto M, Sueda T, Hashimoto M, Kajiyama G. Relation
between collateral flow assessed by Doppler guide wire and angiographic
collateral grades. Am Heart J 1995;130:32–7.
17. Cohen MV, Matsuki T, Downey JM. Pressure-flow characteristics and
nutritional capacity of coronary veins in dogs. Am J Physiol 1988;255:H834–
46.
18. Probst P, Zangl W, Pachinger O. Relation of coronary arterial occlusion
pressure during percutaneous transluminal coronary angioplasty to presence
of collaterals. Am J Cardiol 1985;55:1264–9.
19. Meier B, Luethy P, Finci L, Rutishauser W. Coronary wedge pressure in
relation to spontaneously visible and recruitable collaterals. Circulation
1987;75:906–13.
20. Dervan JP, McKay RG, Baim DS. Assessment of the relationship between
distal occluded pressure and angiographically evident collateral flow during
coronary angioplasty. Am Heart J 1987;114:491–7.
21. Pijls NHJ, Bech GJW, El Gamal MIH, et al. Quantification of recruitable
coronary collateral blood flow in conscious humans and its potential to
predict future ischemic events. J Am Coll Cardiol 1995;25:1522–8.
22. Cohen M, Sherman W, Rentrop KP, Gorlin R. Determinants of collateral
filling observed during sudden controlled coronary artery occlusion in human
subjects. J Am Coll Cardiol 1989;13:297–303.
23. Piek JJ, Koolen JJ, Hoedemaker G, David GK, Visser CA, Dunning AJ.
Severity of single-vessel coronary arterial stenosis and duration of angina as
determinants of recruitable collateral vessels during balloon angioplasty
occlusion. Am J Cardiol 1991;67:13–7.
24. Kern MJ, Piek JJ, Aguirre FV, Bach RG, Caracciolo EA, Donohue TJ.
Collateral flow velocity alterations in the supply and receiving coronary
arteries during angioplasty for total coronary occlusion. Cathet Cardiovasc
Diagn 1995;34:167–74.
25. McFalls EO, Araujo LI, Lammertsma A, et al. Vasodilator reserve in
collateral-dependent myocardium as measured by positron emission tomog-
raphy. Eur Heart J 1993;14:336–43.
26. Vanoverschelde J, Wijns W, Depre C, et al. Mechanisms of chronic regional
postischemic dysfunction in humans: new insights from the study of nonin-
farcted collateral-dependent myocardium. Circulation 1993;87:1513–23.
1535JACC Vol. 29, No. 7 PIEK ET AL.
June 1997:1528–35 COLLATERAL FLOW DURING ACUTE CORONARY OCCLUSION
